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Molecular determinants for apical expression and regulatory single mRNAs [reviewed in 1]. Both proteins contain
membrane retrieval of the type IIa Na/Pi cotransporter. Renal approximately 650 residues and are glycosylated [10].
inorganic phosphate (Pi) reabsorption is a key process in Pi Experimental data suggest that type IIa spans the mem-homeostasis. Type IIa Na/Pi cotransporters, located at the api-
brane eight (or 10) times, whereas the amino (N) andcal membrane of renal proximal tubular cells, guarantee the
carboxyl (C) terminal tails face the cytoplasm [11]; thevectorial transport of Pi. Renal Pi reabsorption can be modu-
lated by controlling the number of cotransporters expressed tails contain the most divergent sequences between both
at the apical membrane. Indeed, factors that increase Pi reab- proteins [9]. Based on their high homology, we assume
sorption induce the expression of type IIa cotransporters at
that a similar topological structure exists for the typethe apical membrane, whereas factors that decrease Pi reab-
IIb. Type IIa cotransporters are located at the apicalsorption lead to their retrieval. Therefore, proper sorting of
this type of cotransporters is an essential step in Pi homeostasis. membrane of the renal proximal epithelium [12] and
The relevance of polarization has been highlighted by the find- may account for up to 80% of renal Pi reabsorption [8].
ing that improper sorting of transporters can cause disease. They also achieve proper apical expression when trans-
Here we describe the identification of signals involved in apical
fected in cellular models derived from renal proximalexpression of newly synthesized type IIa cotransporters and in
cells, but not in cells from intestinal origin [13]. Theirtheir hormonal-induced endocytosis.
expression is controlled by factors that regulate renal Pi
reabsorption, the most important for this review being
parathyroid hormone (PTH) [14]. Type IIb cotransport-Inorganic phosphate (Pi) homeostasis is achieved by
ers are located at the apical membrane of intestinal andbalancing intestinal reabsorption and renal excretion.
Renal Pi excretion is largely dependent on the activity lung epithelia, but are not detected in mammalian renal
of a type II Na/Pi cotransporter. The type II family of tissues [9, 15]. They are not regulated by PTH [16] and
cotransporters is divided in two groups, type IIa and type are expressed in the apical membrane of transfected cells
IIb, expressed in renal proximal and intestinal epithelia, from renal or intestinal origin [13]. The existence of two
respectively [reviewed in 1]. The transport mediated by forms of the type II family that exhibit a high degree
the type IIa subfamily displays characteristics similar to of homology but still display different expression and
those described in renal proximal tubules and in brush- regulation properties represents a useful system to search
border membrane [2–5]: It is electrogenic, Na dependent, for type-specific molecular signals.
and inhibited by acidification of the external medium
[6, 7]. These findings led to the hypothesis that this family
APICAL EXPRESSION OFwas responsible for renal Pi reabsorption, a hypothesis
TYPE II COTRANSPORTERSrecently confirmed in view of the phenotype of a knock-
out model [8]. The generation of polarity is critical for epithelial func-
tion. Improper polarization of transporters has been as-
sociated with pathologies [17]. Therefore, it is importantTYPE II Na/Pi COTRANSPORTERS:
to understand the mechanisms responsible for sorting ofGENERAL CHARACTERISTICS
polarized proteins. The specific expression of type II
Type IIa and type IIb are highly conserved cotrans- cotransporters at the apical membrane of either renal
porters [9], encoded by different genes transcribed as proximal tubules (type IIa) or small intestine (type IIb)
allows reabsorption of Pi from the lumen to the blood.
Type IIa cotransporters are asymmetrically distributedKey words: Inorganic phosphate, reabsorption, parathyroid hormone,
cotransporters. along the nephron and within the cells. Type IIa mRNA
and protein are expressed in the convoluted part of prox- 2001 by the International Society of Nephrology
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and small G proteins of the Rab family [25]. Although
several motifs have been proposed as shorting determi-
nants, there is evidence that targeting may be protein
and cell-type specific: H-pumps are sorted to the apical
and basolateral sites of A- and B-intercalated cells, re-
spectively [26], and aquaporin 2 is delivered apically in
MDCK cells and basolaterally in LLC-PK cells [27, 28].
We found a similar specificity of shorting for type II
transporters. Apical expression of transfected type IIaFig. 1. (A) Immunohistochemical analysis in rat proximal tubules.
Type IIa cotransporters are shown in green and the actin staining in required a line of renal proximal origin (OK), but type
red. Confocal microscopy of confluent cultures of opossum kidney (OK) IIb cotransporters were apically shorted in cells of renalcells (B) and intestinal origin cells (CaCo2) (C) cells transiently trans-
proximal (OK, LLC-PK), renal distal (MDCK), and in-fected with EGFP-fused type IIa cotransporters. The cotransporter
signal is shown in green and the actin staining in red. The rectangles testinal (CaCo2) origin [13].
show the cross-sections along the white planes. By studying the behavior of IIa-IIb chimeras, we iden-
tified the residues required for apical expression of type
IIb cotransporters. Replacement of the C-terminal tail
of IIa by the tail of IIb yielded a protein that reachedimal tubules and decrease toward the strait part; they
the apical membrane in CaCo2 cells (as the IIb), whereashave not been detected in glomeruli, thick ascending
replacement of the C-terminal tail of IIb by the tail of IIalimb of Henle’s loop, or collecting ducts [12, 18]. This
led to a cotransporter that was unable to reach the plasmapattern of expression overlaps with the sites of Pi re-
membrane (as the IIa); replacement of the N-terminalabsorption [19]. Expression of type IIa correlates with
tails was without effect [29]. These findings suggestedthe differentiation of apical microvilli. In birds, it is de-
that the C- but not the N-terminal tail of IIb containstected in proximal tubules of juxtamedullary (functional)
sorting information. Further analysis led to the identifi-and intermediate nephrons (not fully differentiated), but
cation of a conserved leucine (L) within the C-terminalit is not detected in the most peripheral layer, which is
tail required for apical expression of these cotransportersstill not differentiated [20]. Within the proximal cells,
in CaCo2 and OK cells [29]. Removal of this L yieldedtype IIa cotransporters are located at the apical domain
a cotransporter that was conformationaly competent toor brush border [12], scattered around the tubular lumen,
leave the endoplasmic reticulum and Golgi, but that was
whereas they are absent from the basolateral membrane
retained in an endosomal/lysosomal compartment, sug-
(Fig. 1A). Some signal is detected in subapical structures,
gesting an impaired targeting and/or stability in the
particularly in developing nephrons, and may represent plasma membrane.
storage of newly synthesized proteins [20]. Specific apical Truncations of the N- and C-terminal tails of the renal
location of type IIa cotransporters is also observed in specific type IIa suggested that only the C-terminal con-
opossum kidney (OK) cells. This cell line retains proper- tains sorting information in this type. The last three resi-
ties of renal proximal epithelia and contains an endoge- dues (TRL) are conserved in all known IIa cotransport-
nous IIa cotransporter that is apically located [21]. Trans- ers, and they match a PDZ-binding motif. Removal of
fected type IIa cotransporters are apically sorted in OK these residues led to a protein detected at the apical mem-
cells, but not in cells from renal distal [Madin Darby canine brane, but also was found intracellularly when trans-
kidney (MDCK)] or intestinal (CaCo2) origin (Fig. 1 B, C): fected in OK cells [30]. Thus, removal of the PDZ binding
In MDCK cells, they are equally detected at the apical motif partially prevented or destabilized apical expres-
and basolateral site, and in CaCo2, they do not reach sion. PDZ-binding motifs bind to the PDZ motifs, which
the membrane and remain in the cytoplasm [13]. are sequences of about 100 residues named after the
The apical and basolateral domains of polarized cells three proteins in which they were first identified [31].
have different compositions. This asymmetry is first in- PDZ proteins interact with the actin cytoskeleton, con-
duced by cell-cell and cell-extracellular matrix contacts tributing to hold proteins to the membrane. The C-termi-
that are mediated by E-cadherin and integrins, respec- nal tail of the type IIa interacts in a two-hybrid system
tively [22]. Adhesion induces the assembly of actin-based with several PDZ proteins [32], among them NHERF
cytoskeletal networks and redistribution of microtubules. [33]; this interaction depends on the last three residues
Microtubule motor proteins may now translocate secre- of the cotransporter. NHERF does not interact with type
tory or endocytic vesicles toward the basolateral or apical IIb cotransporters [32], despite the fact that the last three
cytoplasm [23]. The specific targeting of proteins requires residues of this group also resemble a PDZ-binding motif
the specific fusion of cargo vesicles along the biosynthetic [9]. Although NHERF was originally identified as a fac-
and endocytic pathways [24]. This process is regulated tor involved in kinase regulation of Na-H exchange
isoform 3 (NHE3), there is evidence that it may play aby an increasing number of factors, such as SNAREs
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more general anchor role in the proximal tubule. Thus,
several other transporters and receptors interact with
NHERF, and disruption of such interactions impair the
apical expression of cystic fibrosis transmembrane con-
ductance regulator (CFTR) [34–36]. NHERF interacts
with ezrin [37], a member of the ezrin-radixin-moesin
family suggested to attach the actin filaments of the mi-
crovilli to the membrane [38]. Thus, NHERF may stabi-
lize apical proteins via interaction with ezrin. Neverthe-
less, NHERF does not seem to be the only factor that
controls expression of the type IIa cotransporters, since
prevention of this interaction did not fully abolished
apical expression. Additional studies identified two resi-
dues at position58 (PR), which truncation or substitu-
tion resulted in impaired expression/stabilization at the
membrane [30]. Therefore, in type IIa, two signals within
the C-terminal tail seem to control the expression/stabili-
zation of the cotransporter at the apical membrane.
REGULATORY MEMBRANE RETRIEVAL OF
THE TYPE IIa Na/Pi COTRANSPORTER:
PTH-INDUCED ENDOCYTOSIS
Parathyroid hormone (PTH) is the major hormonal
regulator of renal Pi handling [39]. PTH, released in
response to hypocalcemia, leads to urinary excretion of
Pi. This phosphaturic effect is due to inhibition of renal
Pi reabsorption through down-regulation of type IIa co-
transporters [14]. In control rats, these transporters are
detected mostly in proximal apical membranes. Shortly
after PTH injection, the amount of cotransporters pres-
ent at the membrane strongly decreases, with a parallel
transitory increase in endocytic vesicles; at this point
the cotransporter partially colocalizes with clathrin and
adaptor protein AP2 [40]. One hour after PTH injection, Fig. 2. (A) Immunohistochemical detection of type IIa cotransporters
in kidneys of control and parathyroid hormone (PTH)-treated rats.the cotransporters disappear from the proximal cells be-
Effect of PTH on confluent cultures of OK cells transfected with type
cause of their degradation in lysosomes (Fig. 2A) [40, 41]. IIa (B) or type IIb (C) cotransporters.
Internalization of cotransporters into the subapical com-
partment seems to be microtubule independent, whereas
delivery to lysosomes is microtubule dependent [42]. Al-
at the apical and basolateral membrane of proximal cells.though reported for other transporters [43], there is no
The basolateral receptors seem to couple to both proteinevidence for recycling the endocytosed cotransporters.
kinase A and PKC, whereas the apical receptors mayThe PTH effect can be reproduced in OK cells. Incuba-
preferentially couple to PKC [47].tion of OK cultures with PTH induces the disappearance
To identify domains within the cotransporter involvedof patches that reflect apically expressed cotransporters
in PTH-induced retrieval, two strategies were followed:(Fig. 2B) [21]; endocytosed cotransporters are then de-
candidate motifs and chimeras’ analysis. The first approachgraded in lysosomes [44]. In this cellular model, recovery
was based on the finding that IIa cotransporters colocal-after PTH removal depends on de novo synthesis and
ize with clathrin after PTH treatment [40], suggestingon an intact microtubular network [44], supporting the
that endocytosis could take place in clathrin-coated pits.idea that recycling is not involved in regulation. In OK
Clathrin-mediated endocytosis involves at least two sort-cells, PTH also may inhibit Na/Pi cotransport by a mech-
ing signals: tyrosine (Y)- and dileucine (LL)-motifs [48].anism independent of retrieval [45]. The PTH effect in-
Y-motifs are sequences of four to six residues containingvolves activation of the protein kinase A (via G-protein
critical Y. LL-motifs consist of an invariant L followedGs) and protein kinase C (PCK; via Gq) pathways [46].
In isolated tubules, PTH receptors have been detected by a hydrophobic residue (L, I, V or M). They mediate
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interactions with the  (Y-) or  (LL-) chains of the teins interacting with the last IL of type IIa cotransport-
adaptor complexes’ AP. All known type IIa cotransport- ers, which contain the dibasic motif, need to be identified.
ers contain several putative Y- and LL-motifs within
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